Abstract-The crosstalk in multichannel simultaneously triggered ultrasonic sensors of ultrasonic ranging system may cause false measurement. This paper presents pseudorandom digital modulation excitation sequences for multichannel ultrasonic sensors to avoid crosstalk. To make full use of bandwidth of the ultrasonic sensors, the parameters of the pseudorandom digital modulation methods are configured. A genetic algorithm is applied to optimize the pseudorandom m sequences to obtain the best echo correlation characteristics (i.e., sharpest autocorrelation and flattest cross-correlation). The polarity correlation algorithm in the receiving circuit is implemented by Field Programmable Gate Array. Real experiments have been conducted using ultrasonic ranging system that consists of eight-channel SensComp 600 series instrument-grade electrostatic sensors excited with 2 ms optimized pseudorandom digital modulation sequences. Experimental results shows that the optimized pseudorandom BFSK sequence , which can make the eight-channel ultrasonic ranging system work together without crosstalk and has a maximal 4.1 cm absolute error, has the best performance of all the pseudorandom digital modulation sequences.
I. INTRODUCTION
Ultrasonic sensors have advantages of small size, low price and simple hardware interface, so they have been widely used for distance measurement and navigation location of disaster rescue robots. Multichannel ultrasonic sensors are required in a disaster rescue robot navigation system to get 360-degree panorama information. One problem occurred in the multichannel simultaneously triggered ultrasonic sensors is ultrasonic "crosstalk", in which one ultrasonic sensor receives echo from another ultrasonic sensor. Usually, the ultrasonic receiver cannot judge whether the echo is produced by its own transmission or not, so false measurement results often occur.
To eliminate the crosstalk among multichannel ultrasonic sensors, the researchers constructed a recognizable emitting signal for each ultrasonic sensor. And the associated ultrasonic source sensor was identified by a matched filter in the receiver. The pseudorandom sequences were applied to give each ultrasonic sensor a recognizable signature by Jorg and Berg [1] . Some researchers also used Golay codes [2] and Binary Phase Shift Keying (BPSK) modulation to construct ultrasonic excitation sequences to avoid crosstalk [3] . However, the complexity of Golay coeds hindered its application. The Barker codes were adopted to construct the ultrasonic excitation sequence, though the available Berker codes limited their application [14] . Wang and his colleges [5] proposed the ultrasonic multiple access method based on M sequence to drive ultrasonic sensor to eliminate crosstalk. Chaotic codes were applied to avoid ultrasonic crosstalk, e.g., Meng et al. [6] used chaotic pulse position modulation (CPPM) sequence to excite the ultrasonic sensor. And chaotic pulse position-width modulation (CPPWM) sequences [7] were proposed to trigger ultrasonic sensors. Nakahira et al. [8] used Binary Frequency Shift Keying (BFSK) and BPSK for multichannel ultrasonic ranging system and compared their signal-to-noise ratio.
The better the echo correlation characteristics, i.e., the smaller maximal side lobe of autocorrelation and peak of cross correlation, the easier it is to reject crosstalk. Therefore, optimization techniques have been used in ultrasonic ranging systems to obtain the best echo correlation characteristics. Meng et al. [6] used a genetic algorithm (GA) to optimize short CPPM triggering sequences to get the best echo correlation characteristics. Nondominated sorting genetic algorithm II [9] was adopted to optimize emitting signals to sharpen the autocorrelation and flatten the cross-correlation as well as to maximize echo energy. Nakahira et al. [10] used a combination of hill climbing and simulated annealing to minimize the side-lobe of the autocorrelation and peaks of the cross-correlation.
Ultrasonic ranging system has a bell-shaped magnitude spectrum. In order to decrease the energy waste, the excitation sequences should make full use of the bandwidth resources of the ultrasonic ranging system. The transmission sequences with a constant amplitude level and nonlinear frequency modulation were applied to match the spectrum of the ultrasonic system [11] . Meng and Yao [12] used spectrum optimization of a CPPM transmission signal to improve energy efficiency. The spectrum optimization was adopted to distribute more of the energy of the transmission signal in the frequency band of the ultrasonic system [4] .
To our knowledge, not many researchers considered how to make the spectrum of pseudorandom digital modulation excitation sequences match the ultrasonic ranging system as well as that the crosstalk among multichannel sensors of ultrasonic ranging system can be eliminated. In this paper, the optimized pseudorandom digital modulation excitation sequences are proposed to avoid crosstalk. A square wave is used as the carrier wave of the digital modulation methods to reduce hardware costs. The GA is adopted to optimize the pseudorandom sequences to obtain the best echo correlation characteristics. And the parameters of the digital modulation are configured to make the spectrum match to the ultrasonic ranging system. The remainder of this paper is organized as follows. The principle of pseudorandom digital modulation method is explained in Section II. Section III presents the parameter configuration methods of the digital modulation sequence. The GA-based optimization of the echo correlation characteristics for the excitation sequences is illustrated in section IV.
Section V introduces the experiments and discussion, followed by the conclusions in section VI.
II. THE PRINCIPLE OF PSEUDORANDOM DIGITAL MODULATION METHOD

A. Pseudorandom m Sequences
Pseudorandom m sequence is also called a maximal length linear shift-register sequence, which can be obtained through recursion relation of feedback logic. Generally, the feedback of a shift-register is determined by the primitive polynomial as follows,
where i c is either 0 or 1, and r is the stage number of shift-register.
The r th order polynomial ( ) 
And the sequence
is defined as follows,
where n a is 0 or 1, and { }
is a pseudorandom m sequence.
B. Carrier Wave of Digital Modulation Technique
In order to reduce hardware costs, the following square wave ( ) t q is used as the carrier wave of digital modulation sequences, ( ) 
The square wave is a composite of a direct-current component and odd harmonic components.
C. Digital Modulation Technique
Digital modulation technique includes binary amplitude shift keying (BASK), binary frequency shift keying (BFSK) and binary phase shift keying (BPSK).
In BASK, the amplitude of the carrier is changed with each symbol of baseband signal, i.e., pseudorandom m sequences. Figure 1 shows the schematic diagram of BASK, where ( ) are the baseband signal and the carrier signal, respectively, and s T is the symbol width. The BASK excitation sequence can be expressed as follows,
The schematic diagram of BASK.
In BFSK, the frequency of the carrier is changed as a function of the baseband signal. The baseband signal is pseudorandom m sequences in this paper. The amplitude remains unchanged. In BFSK, the symbols "1" and "0" are represented by the frequencies 1 f and 2 f , respectively. A schematic diagram illustrating BFSK is shown in Fig. 2 , where
is the baseband signal, and ( ) t q 1 and
are the carrier signals. The BFSK excitation sequence can be expressed as follows,
The schematic diagram of BFSK.
In BPSK, the phase of a constant amplitude and frequency carrier signal moves between zero and 180 degrees. The symbols "1" and "0" are represented by zero and 180 degrees of carrier, respectively. Figure 3 shows a schematic diagram of BPSK, where ( )
are the carrier signals with zero and 180 degrees, respectively. The BPSK excitation sequence can be expressed as follows,
Where i ϕ is absolute phase of the i th digital carrier wave signal.
The schematic diagram of BPSK.
III. THE PARAMETER CONFIGURATION METHODS OF DIGITAL MODULATION SEQUENCE
A. Parameter Configuration of the Carrier Wave
From (4), we can find that the square wave is a composite of a direct-current component and odd harmonic components. In all of the odd harmonic components, the energy of the fundamental harmonic is the highest. Because the ultrasonic ranging system works as a pass-band filter, only the odd harmonic components within the pass-band of the ultrasonic ranging system are received. In our research, the central frequency and the frequency band of the ultrasonic ranging system are 55 kHz and [40, 70] kHz, respectively. To obtain the fundamental harmonic, the period of the square pulse is set to 18 μs (i.e., 1/55 kHz).
B. Parameter Configuration of the Digital Modulation Sequence
For the pseudorandom BASK and BPSK excitation sequences, the carrier frequency c f and bandwidth are determined by the central frequency of the ultrasonic sensor and the symbol width, respectively. The carrier frequency is the central frequency of the ultrasonic sensor. Because the energy of the fundamental-wave component is the highest (see (4) 
where 1 s T and 2 s T are the symbol widths of the "1" and "0" symbols, respectively. Considering that the number of the square carriers should be integral within a symbol width, 1 n and 2 n are positive integers.
IV. THE ECHO CORELATION CHARACTERICS OPTIMIZATION FOR EXCITATION SEQUENCE
The smaller the sidelobe of autocorrelation and peak of cross correlation, the easier it is to eliminate ultrasonic crosstalk. To optimize the echo correlation characteristics, we use an objective function ObjV defined as follows:
( ) x is the nth sampling data point of the jth echo sequence, and N is the total number of samples in the echo sequence. To obtain the optimized echo correlation characteristics, the objective function ObjV should be minimized.
The GA is a stochastic global optimization technique mimicking natural evolution on the solution space of the optimization problem. Given the length of the pseudorandom digital modulation sequence, symbol width and carrier frequency, a GA is used to optimize the value of the initial state and primitive polynomial of the m sequence to get the minimal value of ObjV. The procedure is presented in the following steps.
Step 1: The initial parent population Q P A × is generated randomly, where P is the population size and Q is the float-code length. Let P = 100, channel ultrasonic ranging system), and the maximum generation number is set to 100.
Step 2: The objective-function values of individuals are ordered and then mapped to fitness values. A column vector of fitness values is returned.
Step 3: The selection probability of individuals is set to 0.9, and the selected individuals are returned to the new population.
Step 4: The crossover operator is used to generate the offspring population. We adopt the simulated binary crossover operator defined as below.
( ) Step 6: The offspring population is combined with the current generation population and selection is performed to set the individuals for the next generation. Since all the previous and current best individuals are added to the population, elitism is ensured. Repeat
Step 2 to Step 6 until the maximum generation number is reached. Figure 4 illustrates the schematic diagram for eight-channel ultrasonic ranging system. Each channel of the ultrasonic ranging system (i.e., URS 1, URS 2, URS 3, URS 4, URS 5, URS 6, URS 7, URS 8 in Figure 4) only can obtain the distance information of obstacles at the corresponding sensor scanning coverage. Each path of the ultrasonic ranging system has the same hardware realization.
V. EXPERIMENTS AND DISCUSSION
A. Experimental Setup
The hardware realization schematic diagram for one channel ultrasonic ranging system is shown in Fig. 5 . The pseudorandom digital modulation sequence with a length of 2 ms was sent from the field programming gate array (FPGA). After the power amplifier, the pseudorandom digital modulation sequence was amplified to be a sequence with the peak-peak amplitude of 300 V. Then it triggered the ultrasonic sensor to emit ultrasound. After band-pass filtering, automatic gain control and shaping circuit, the polarity correlation between the binary echo sequence and the reference echo sequence was implemented. The reference echo sequence was recorded from an acrylic board placed 40 cm in front of the ultrasonic sensor. The implementation of polarity correlation operation was by a zero-crossing algorithm [10, 13] . Finally, the distance between obstacle and ultrasonic sensor was calculated if the echo sequence was identified to be from the ultrasonic sensor's own transmission.
In our experiments, SensComp 600 series instrument grade electrostatic sensors were applied. The passband of the ultrasonic sensor is between 40 and 70 kHz. And its central frequency is 55 kHz.
B. The Experimental Results of Pesudorandom Digital Modulation Sequence
According to the central frequency and bandwidth of the ultrasonic ranging system in our experiments, the symbol period of pseudorandom BASK and BPSK sequences was set to 55.2 μs , and the period of the "1" and "0" symbols in the pseudorandom BFSK sequence were 60.0 μs and 66.7 μs , respectively.
The eight-channel ultrasonic ranging system needs eight pseudorandom m sequences. When the stage number of the shift-register r is greater than or equal to seven, the number of pseudorandom m sequences is more than eight. Therefore, the stage number of the shift-register r was set to seven in our experiments. For pseudorandom BASK, BFSK, BPSK sequences, eight pseudorandom m sequences were used to construct eight channels of ultrasonic excitation sequences, respectively. In the GA optimization algorithm, we used distribution indexes for crossover and mutation operators as 20 = The schematic diagram for eight-channel ultrasonic ranging system. Hardware realization schematic diagram for one channel of the ultrasonic ranging system. Figures 6, 7 and 8 show results of one channel of the optimized pseudorandom BASK, BFSK and BPSK sequences, respectively. For comparison, the results without optimization of pseudorandom BASK, BFSK and BPSK sequences are illustrated in Figs. 9-11 , respectively. In subfigures (b) of Figs. 6-11, the black lines are the spectra of the pseudorandom digital sequences, and the red lines are the spectrum of the ultrasonic ranging system. Comparing subfigures (b) in Figs. 6-11, we can see that more energy of pseudorandom BFSK sequences is distributed in the frequency band of the ultrasonic ranging system than that of pseudorandom BASK and BPSK sequences.
In subfigures (c) of Figs. 6-11, echo sequences were reflected from an obstacle placed 40 cm in front of the ultrasonic sensor. The sample period was 1 μs . The autocorrelation functions of binary echo sequences corresponding to pseudorandom digital modulation sequences after optimization and without optimization were illustrated in subfigures (d) of Figs. 6-11. These figures show that the optimized pseudorandom BASK, BFSK and BPSK sequences have lower side-lobe of binary echo autocorrelation functions than the un-optimized pseudorandom BASK, BFSK and BPSK sequences, respectively. Moreover, the side-lobe of binary echo autocorrelation functions of optimized pseudorandom BFSK sequence is lower than that of BASK and BPSK, i.e., the optimized pseudorandom BFSK sequence has the best echo correlation characteristics among the pseudorandom digital modulation sequences. 
C. The Measurement Results of Eight-channel Ultrasonic Ranging System
The distance between the ultrasonic sensor and the obstacle is calculated as follows, In our experiments, the eight-channel ultrasonic ranging system was excited with 2 ms optimized pseudorandom BFSK sequences. Figure 12 shows the distance measurement results from 40 cm to 390 cm, where Fig. 12 (a) illustrates the real distance versus measured distance and Fig. 12 (b) is the absolute distance measurement errors. All the absolute errors are less than 4.1 cm.
VI. CONCLUSIONS
The optimized pseudorandom digital modulation sequences (i.e., BASK, BFSK and BPSK) are proposed to construct excitation sequences for multichannel ultrasonic ranging system. The proposed method considers the echo correlation characteristics under the premise that the spectrum of pseudorandom digital modulation sequence matches the ultrasonic ranging system. On the basis of the experiments using an eight-channel ultrasonic ranging system, the overall performance of the optimized pseudorandom BFSK excitation sequence is the best in all the pseudorandom digital modulation sequences. The eight-channel ultrasonic ranging system with the optimized pseudorandom BFSK sequences can work together without crosstalk and has a maximal 4.1cm absolute error. 
